This study re-examines the validity of relationship between Singapore Dollar-US Dollar exchange rate and the relative price using the latest econometric methodologies that accounts for non-linearity. Among others, this study finds Exponential Smooth Transition Autoregressive (ESTAR)-type non-linear mean-reverting adjustment process of the nominal Singapore dollar-US dollar rate towards consumer price index ratio. Unlike previous finding of linear cointegration relationship between nominal Singapore Dollar-US Dollar exchange rate and consumer price index ratio, this study shows that the relationship is in fact non-linear in nature. The major economic implications of our findings includes: (1) Policy makers need to take non-linearity into consideration on their policy decision; (2) Monetary Authority of Singapore (MAS) is able to maintain the macroeconomic equilibrium albeit the authority's strong dollar policy; and (3) One should keep track on Singapore monetary policy and other innovations in aggregate demand in order to closely monitor the movement of Singapore exchange rate.
INTRODUCTION
In this era of globalisation and financial liberalisation, exchange rate plays an important role in international trade for a small and open economy such as Singapore. Hence, understanding behaviour and determinants of Singapore exchange rate remains a crucial task and in this regard a number of related empirical works have been attempted from different perspectives. These include Lim and Associates (1988) , Duc-Tho and Yao (1989) , Abeysinghe and Lee (1992) , Teh and Shanmugaratnam (1992) , Cao and 1 Ong (1995), Chia and Bauer (1995) and Toh and Kendall (1996) . Among others, Abeysinghe and Lee (1992) and Cao and Ong (1995) 1 utilise the cointegration analysis to arrive at the conclusion that the quarterly Singaporean dollar-US dollar (S$-US$) nominal exchange rate is in agreement with Purchasing Power Parity (PPP) 2 . Chia and Bauer (1995) provide similar empirical evidence by conducting a trend analysis on the nominal (US$-S$) exchange rate and PPP exchange rate estimated from Cassel-Keynes and Long-Run Average methods 3 , over the sample period 1975:1 to 1994:4. Meanwhile, using Johansen's vector error correction model (VECM), Toh and Kendall (1996) find strong evidence of PPP between the two countries during the period January 1981 to June 1995.
It is important to note that the major shortcoming in these studies is that they employed econometric analysis in the linear framework, without realizing that the exchange raterelative price relationship may be non-linear in nature. In fact, it was a common practice in the past to subject the PPP hypothesis to conventional tests such as unit root test, causality test and cointegration test, which make implicit assumption in priori that exchange rates exhibit linear behaviour. Lately, such tests have been suspected of insufficient in revealing the true economic relationship, as they do not take into the account of the existence of non-linearities in economic data (Liew et al., 2003) . Specifically, in the case of exchange rates, more and more recent empirical evidences are suggesting that exchange rates and fundamentals are in reality non-linearly related (Ma and Kansas, 2000; Sarno, 2000; Baum et al., 2001 and Peel, 2001 ). Thus, the exchange rate study in the linear perspective may by no mean be appropriate. Consequently, it is imperative to follow a non-linear approach to exchange rate study, in order to obtain more reliable results and policy guidelines. In view of this, the principle objective of this study is to re-examine the validity of PPP in the case of Singapore in the non-linear frameworks.
This study postulates that the adjustment process of Singapore exchange rate, which is partial governed by the market forces and partially ministered by MAS, follows a nonlinear path. Formal econometric analysis using the well-established linearity test suggested by Lukkonen et al. (1988) corroborates this claim. Specifically, empirical evidence that the Singaporean exchange rate adjusts towards the long-run PPP equilibrium level non-linearly is obtained in this study. Based on this finding, we further provide evidence that the adjustment process is non-linear mean reverting, using the newly developed unit root test (Kapetanois et al., 2003) . This implies that although departure of Singapore exchange rate from the PPP equilibrium may consistently occurs, these deviations are transitory, as they will eventually adjust towards the equilibrium position.
1 Quarterly data for the period 1975:1 to 1990:3 and 1978:1 to 1993:4 were respectively used in the former and the latter study. 2 PPP is the most commonly used method of determining long-term exchange rate equilibrium. By PPP hypothesis, we mean that exchange rates are equivalent to the ratio of two countries' price levels. In essence, for any broad basket of goods purchased for a unit currency, exchange rates would provide the mechanism for purchasing the same broad basket of goods in any other country at an equivalent price. Toh and Kendall (1996) offer excellence overview on PPP. 3 Briefly, Cassel-Keynes method chooses a single base year when the exchange rate is assumed to be at PPP equilibrium and construct relative prices series. On the other hand, the Long-Run Averaging method solves the based year problem by taking the long run average of past relative prices; see Chia and Bauer (1995) for details.
The evidence on the Singapore exchange rate-relative price relationship is superimposed by finding of non-linear cointegration between these two variables. The non-linear cointegration result are obtained by examined the stationary property of Singapore real exchange rate derived from the PPP hypothesis (see Sarno, 2000) . This finding has 3 important economic implications. First, nominal Singapore exchange rate is cointegrated with the relative CPIs thereby validating the PPP hypothesis. Thus, this study provides more robust empirical evidence supporting PPP in the case of Singapore. The second implication, which follows from the first, is that the authority's strong dollar policy has not resulted in a macroeconomic disequilibrium (see Parikh and Williams, 1998) . Third, the stationarity of S$-US$ real exchange rate means that departure of the nominal S$-US$ exchange rate from the PPP equilibrium is little persistence. As such we may infer that the movement of S$-US$ exchange rate is principally due to innovations to monetary policy and other aggregate demand shocks, (Rogoff, 1996) .
A BRIEF REVIEW ON SINGAPORE EXCHANGE RATE REGIME 4
Upon the creation of the Singapore Dollar (S$) on 19 May 1967, it was linked to the single currency in the beginning: first to the Pound Sterling and then to the U. S. Dollar (US$). From 20 June 1973 onwards, however, Singapore Dollar was pegged against a fixed and undisclosed trade-weighted basket of currencies to boost business confidence and enhance international trade 5 . In practice, the exchange rate of U. S. Dollar based Singapore Dollar was determined by foreign exchange market forces, but the rates for other currencies were monitored on the basis of the daily cross rates in international markets.
The year 1985 serves as another milestone of the Singapore exchange rate regime, as the Monetary Authority of Singapore (MAS) adopted a more market-oriented regime, whereby Singapore Dollar was allowed to fluctuate within an undisclosed policy band 6 with a trade-weighted basket of currencies according to the market forces. The targeted band is reviewed every quarter to provide flexibility for MAS to accommodate shortterm volatility in the foreign markets as well as some buffer in the estimation of Singapore's unknown equilibrium exchange rate.
In 1998, MAS widened the targeted band during the East Asian Crisis, but did not publicly announce the width of the band. MAS allowed the Singapore Dollar to depreciate by about 20% during the East Asian crisis, to maintain domestic price stabilities and export competitiveness.
In sum, the present exchange regime of Singapore may be classified as a Monitoring Band. With a primary goal to maintain public confidence, the currency in circulation is 100% backed by international assets for notes-issuance.
NON-LINEAR SINGAPORE EXCHANGE RATE ADJUSTMENTS
There are a few theoretical models that provide rationales for the existence of nonlinear adjustment of exchange rate towards its fundamental equilibrium level; see Ma and Kansas (2000) for a quick review. However, the most relevant model for Singapore exchange rate is the target zone model developed in Krugman (1991) . Krugman (1991) postulates that given a perfectly credible target zone, exchange rate is allowed to drift in a random manner as long as its deviation from the fundamentals is within a certain tolerance band. However, if the exchange rate becomes increasingly misaligned with its fundamentals, exchange rate will have stronger mean-reversion tendency, with the speed of adjustment varies with respect to the size of deviation, thereby justifying the non-linear adjustment of exchange rate towards the fundamentals. It is argued that this model suits the scenario of Singapore exchange rate, which is allowed to fluctuate within certain target policy band, such that the exchange rate is not too high to impede exports growth and at the same time not too low to avoid foreign inflationary pressure. Besides, MAS occasionally intervene the behaviour of Singapore exchange rate to maintain among others price stability and sustained economic growth. The existence of such market frictions, as has been shown elsewhere (Dumas, 1992) , may as well contribute to the non-linear adjustment of exchange rate towards the fundamentals.
DATA AND METHODOLOGY Data
This study examines the nominal bilateral Singaporean dollar-U.S. dollar exchange rate (S$-US$), as it remains the most relevant to international trade and financial transaction (Chia and Bauer; . As for the construction of relative price, we choose to use the consumer price indices (CPIs) of Singapore and US. The selection of CPI is based on the finding that the movement of nominal bilateral Singapore exchange rate is in line with the CPI ratio (Abeysinghe and Lee, 1995; Cao and Ong, 1995) 7 . It is also reported in Chia and Bauer (1996) that a major objective of MAS's intervention of exchange rate movement is to keep CPI inflation low and stable. We use the quarterly end-ofperiod (S$-US$) rate and CPI data obtained from various issue of International Financial Statistics. Our data spans from the first quarter of year 1968 to the third quarter of year 2002 (1968:1 to 2002:3) .
Two series are of interest, namely the deviation of nominal S$-US$ exchange rate from the PPP equilibrium and the real S$-US$ exchange rate are derived in this study from the original nominal rate and CPI ratio. To obtain the deviation series, we follow Baharumshah et al. (2003) by subtracting the estimated exchange rate equilibrium (based on the absolute PPP hypothesis) from the observed exchange rate 8 . As for the Singapore real exchange rate, the following relative PPP hypothesis is utilised:
7 It is widely believed that wholesale price index (WPI) should be used if one suspected that PPP holds in tradable goods only, and that if PPP holds in both tradable and non-tradable goods, then CPI is the appropriate choice. In the case of Singapore, Abeysinghe and Lee (1995) find that bilateral nominal Singapore exchange rates including S$-US$ is in fact associated with CPI not the WPI. 8 Briefly, the absolute form of PPP postulate that nominal exchange rate must equate the relative price.
where t y is the logarithm of nominal exchange rate (domestic price of foreign currency) at time t, and * t p and t p are the logarithms of foreign and domestic CPIs respectively. This specification of real exchange rate is effectively the deviation of nominal exchange rate from the PPP equilibrium and thus the mean reversion of real exchange rate may be regarded as the validity of long-run PPP (Taylor and Sarno, 2001) 9, 10 . The resulted two series are plotted in Figure 1 . Figure 1 depicts that both series generally move in the same direction. This is not surprising as real exchange rate as mentioned above is just another version of exchange rate deviation. Perhaps, the most important information revealed by Figure 1 is that the movements of these series are seemingly non-linear. Nonetheless, formal linearity test due to Luukkonen et al. (1988) need to be conducted to see whether this is the case or not. 40 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 Real Exchange Rate Deviation
FIGURE 1 PLOTS OF REAL EXCHANGE RATE AND DEVIATION

Linearity Tests
To achieve the purpose of validating the PPP hypothesis in our data, in a different perspective from the past, that is, using the non-linear approach, the linearity nature of these two series are subjected to a version of linearity test as suggested by Luukkonen et al. (1988) . This linearity test an auxiliary regression of the form:
where 0 α , i α , i β and i δ (i = 1, …, p) are parameters to be estimated and under the null hypothesis, t ω is white noise with zero mean and constant variance, p stands for the autoregressive lag length whereas d is called the delay parameter. 9 As real exchange rate is essentially the residuals of cointegration regression of nominal exchange rate on relative price (both in log form), stationarity in real exchange rate by definition implies the residuals of cointegration regression is integrated of order 1, which in turn has implication that nominal exchange rate and relative price are cointegrated (Taylor and Sarno, 2001) . 10 Direct test of non-linear cointegration is currently not feasible as formal non-linear cointegration test in the ESTAR framework has yet to be formulated.
Under linearity, the null hypothesis of i β = i δ =0 for all i holds and may be tested by chi-squared ( 2 χ ) distributed test statistic 11 . The linearity test as specified in (2) σ stands for the sample variance of t z and is used to scale the transition parameter so that comparing speed of adjustment across series is possible 12 . t ε is the usual white noise with zero mean and constant variance. See Luukkonen et al. (1988) and Teräsvirta (1994) for other details.
This version of linearity test is also adopted in Baum et al. (2001) . It is argued in Baum et al. (2001) and many other related studies that the non-linear adjustment process of exchange rate deviations is symmetrical in nature and ESTAR is appropriate in representing this process.
The optimum lag length p and delay parameter d in (2) have to be determined from the data as they are unknown. In the current study, the optimal p of linear AR (p) model is selected from a class of models with no autocorrelation based on the minimum Akaike's biased corrected information criterion (AICC). In order to specify d, linearity tests are performed for the range of values 1 d 2SWLPDO d is chosen from the one that maximises the 2 χ statistic.
If non-linearity has been found present in the two series of interest by this linearity test, non-linear stationary test developed by Kapetanois et al. (2003) is then conducted to check the stationarity property of these series. Kapetanios et al. (2003) proposed a testing procedure to detect the presence of nonstationarity against non-linear but globally stationary ESTAR process:
Non-linear Stationary Test
where t z is the de-meaned series of interest and t ε denotes random errors that are independently and identically distributed (i.i.d.) with zero mean and finite variance.
The null hypothesis of this test procedure is: 11 Effectively, the null hypothesis assumes that linear autoregressive (AR) model is the correct specification for the series being tested. 12 The larger the 2 θ , the faster is the adjustment taking place. 
in order to correct for plausible serially correlation errors.
In both cases, the null hypothesis to be tested is 0 : H 0 = δ against the alternative : H 1 δ > 0. Kapetanios et al. (2003) showed that the t statistic of the parameter of interest, that is, δ does not have an asymptotic normal distribution and hence has to be simulated. The simulated 1, 5 and 10% asymptotic null critical values of the t statistic for both cases as -3.48, -2.93 and -2.66 respectively. The t statistics estimated from (5) 
RESULTS
Exchange Rate Deviation from PPP Equilibrium
The results of linearity test as specified in (2) together with the residual diagnostics checking are summarized in Table 1 . Table 1 shows that the optimum lag length p and delay parameter d for the deviation series are estimated as 8 and 1 respectively. By the marginal significance value of the 2 χ statistic (53.519) of the linearity test, we are able to reject the null hypothesis of linearity in the deviation series at less than 1% level, in favour of the ESTAR-type non-linearity. In other words, we find strong evidence to suggest that the deviation series behaves non-linearly and this non-linear behaviour may be characterized by the ESTAR model. As we can see from Table 1 that the residuals of the auxiliary regression of (2) passed through a battery of diagnostics, the above inference is robust. Having determined the linearity nature of the deviation series, the next question of attention is whether the series is stationary or not. To answer this question, Kapetanois et al. (2003) non-linear unit root test is applied to the series and the results are also reported in Table 2 . Liew et al. (2003) reveal that the commonly used augmented Dickey-Fuller (ADF) and Phillip-Perron (PP) unit root tests have low power in detecting stationarity as far as non-linear series is concerned. This low power is also demonstrated in this study as both tests fail to reject the null hypothesis of nonstationary in level of the deviation series (Table 2 ). The major implication of the finding of non-linear stationarity in the deviation series is that the although nominal S$-US$ exchange rate consistently deviates from the PPP equilibrium, the deviation is non-linearly mean reverting and the tendency of mean reversion is larger as the magnitude of deviation grows larger. In order to solicit more insights on the behaviour of the exchange rate deviation, further analysis of the linear AR model of the null hypothesis and the non-linear ESTAR model of the alternative hypothesis of (2) is worth performed. Thus, the two competing models are estimated and the results are given in Table 3 . Few interesting features are depicted in Table 3 . First, the ESTAR model passes through all diagnostic tests whereas the AR model is contaminated with GARCH problem. Second, the ESTAR model has higher adjusted 2 R value than the AR model, suggesting that the former has higher explanatory power. Third, the variance ratio (VR) of 0.939 < 1 implies that the ESTAR model has desirable smaller variance than the AR model. Taken these findings together, we have shown that ESTAR model is more appropriate in characterizing the behaviour of the deviation series. This conclusion is consistent with the one drawn from the preceding linearity test.
Real Exchange Rate
As in the deviation series, linearity test and non-linear stationary test are applied to the S$-US$ real exchange rate to check the behaviour of this series. The results obtained are reported in Tables 1 and 2 respectively. As shown in Table 1 , the optimum lag length p and delay parameter d for the deviation series are estimated as 10 and 3 respectively. The 2 χ statistic of 57.397 is highly significant at conventional significance level. This suggests that the movement in the S$-US$ real exchange rate, as the deviation series, exhibits significantly ESTAR-type non-linearity by the linearity test. As for the non-linear unit root test results, Table 2 shows that the null hypothesis of not stationary can be rejected by the 2 KSS t statistic but not the 1 KSS t statistic. As the former has accounted for plausible correlation problem and hence is more robust (Liew et al., 2003) , we conclude that this series is non-linear stationary. These findings have 3 important implications. First, nominal Singapore exchange rate is cointegrated with the relative CPIs thereby validating the PPP hypothesis. Thus, this study provides more robust empirical evidence supporting PPP in the case of Singapore. However, the cointegrating relationship should be of non-linear nature rather than linear as previous related studies claimed 14 . The second implication, which follows from the first, is that the authority's strong dollar policy has not resulted in a macroeconomic disequilibrium (see Parikh and Williams, 1998) 15 . Third, the stationarity of S$-US$ real exchange rate means that departure of the nominal S$-US$ exchange rate from the PPP equilibrium is little persistence. As such we may infer that the movement of S$-US$ exchange rate is 13 In the estimation of ESTAR model, we choose to use only significance lags of the AR model, i.e. lags 1 and 8. This specification is preferable to the full version as the latter has problem of convergence during estimation due to the loss in degrees of freedom. 14 Our cointegration test using the Johensen procedures fail to detect any cointegration relationship between nominal exchange rate and CPI ratio for lag length ranging from 1 to 12 lags. This result once again demonstrates the low power of linear test in detecting the non-linear cointegrating relationship. 15 Parikh and Williams (1998) mentioned that a nonstationary real exchange rate could cause severe macroeconomic disequilibrium that would lead to real exchange rate devaluation in order to correct for external imbalances.
principally driven by aggregate demand shocks, such as, innovations to monetary policy (Rogoff, 1996) 16 . As such, one should keep a track on Singapore monetary policy and other innovations in aggregate demand in order to monitor the movement of S$-US$ exchange rate. The estimated real exchange rate models are reported in Table 4 . Table 4 shows that both the linear AR and the non-linear ESTAR models pass through a battery of diagnostic tests. However, AR model is inferior to ESTAR model in characterizing the movement of S$-US$ real exchange rate due to the following reasons: First, the former has lower explanatory power by the adjusted 2 R values. Second, the residuals variance reduced significantly in the case of ESTAR estimation. This is clear from the fact that VR = 0.563 is well below unity (equal variance). Third, the statistical significance of estimated transition parameter (5.544) at 1% level suggests that the AR model, which excludes this non-linear parameter is mis-specified.
Estimated Transition Functions
Note that both estimated transition parameters of the deviation series (4.200, from Table 3 ) and that of real exchange rate (5.544, from Table 4) are statistically significance from zero at 1% level. We know from the estimated transition parameters that the speed of adjustment is faster in the real exchange rate as compared to the nominal exchange rate. The speed of adjustment can be visualized from the plots of the estimated transition functions, F[z(t-d)] against the corresponding lagged values of the series, z(t-d) as in Figure 2 . Figure 2 shows that the transition function for real exchange rate has steeper slope than that of the deviation of nominal exchange rate from PPP equilibrium, implying faster speed of adjustment as mentioned above. 
is known as the transition function.
FIGURE 2 ESTIMATED TRANSITION FUNCTION AGAINST DELAY PARAMETER
The inverted-bell shaped plots in Figure 2 show that the adjustment processes of the negative and positive deviations are acceptably symmetrical in nature. This finding is in accordance with most literature (Taylor and Peel, 2000; Sarno, 2000; Baum et. al., 2001, among others) . To gain more insights on how the adjustment of exchange rate transfer from one regime to the other, we plot the estimated transfer functions against time in Figure 3 . Figure 3 reveals that both the nominal and real S$-US$ exchange rate adjust constantly between the inner (F[ • ] = 0) and outer regimes (F[ • ] = 1) of the ESTAR model as specified in (3), reinforcing our conclusion of high speed of adjustment.
CONCLUSION
Previous studies related to Singapore exchange rate were all conducted using econometric methodologies that do not take into the consideration of non-linearity. It is argued that the practice of monitoring band exchange rate policy in Singapore whereby Singapore exchange rate is permitted to fluctuate within certain targeted policy band induces non-linearity in the behaviour of exchange rate. The result of formal linearity determination testing conforms to this view. Specifically, adjustment process of the nominal Singapore dollar-US dollar rate towards consumer price index ratio is found to exhibit ESTAR-type non-linear behaviour, and additionally, this behaviour is meanreverting by the non-linear stationary test.
Another major contribution of this study, which gives rise to various important economic implications is the finding of non-linear stationarity in real Singapore dollar-US dollar rate. Firstly, it implies non-linear cointegration between Singapore exchange rate and consumer price index ratio by construction and thereby strengthens the conventional wisdom that the movements of Singapore exchange rate may be monitored by the consumer price index. Nonetheless, the finding of non-linear relationship between the nominal Singapore bilateral exchange rate and relative price warrants us that policy makers need to take non-linearity into consideration on their policy decision. Secondly, it marks the successfulness of MAS in maintaining cointegrating relationship between exchange rate and fundamentals albeit its strong dollar policy. Thirdly, the stationarity of real exchange rate implies that the movement of nominal Singapore exchange rate is principally due to innovations in monetary policy and other aggregate demand shocks. In this regards, one should keep a track on Singapore monetary policy and other innovations in aggregate demand in order to monitor the movement of Singapore exchange rate.
